Research conducted among adults has mainly shown that visceral adipose tissue (VAT) is strongly linked to insulin resistance, type 2 diabetes, hypertension and dyslipidaemia, leading to increased risk of CVD or the metabolic syndrome. However, little is known about the aetiology, determinants and consequences of VAT in children. The present article reviews the current literature relating to the factors influencing visceral fat accumulation in children and adolescents. The literature used in the present study was collected by searching a PubMed database, in which studies up to 2008 exploring the factors influencing accumulation of visceral fat among children and youth were found on the basis of appropriate keywords. Further studies concerning different factors influencing deposition of VAT among children and youth should first of all concentrate on: carrying out long-term analyses among children of different ethnical groups, which should begin in the period of prepuberty and which should cover the whole period of puberty till adulthood; drawing up norms specifying the amount of VAT among healthy children; identification of anthropometric indicators which will help to determine the VAT:subcutaneous adipose tissue ratio in the most precise way; broader studies of the influence of eating habits on developing VAT deposit among children and youth.
Introduction
Abdominal obesity is determined by the accumulation of both subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). VAT depots, located in the body cavity beneath the abdominal muscles, are composed of the greater and lesser omentum (peritoneum that is attached to the stomach and links it with other abdominal organs) and mesenteric fat (1) . Most investigators report VAT as intra-abdominal adipose tissue (IAAT) (2) . According to the five-level body composition model 'adipose tissue' and 'fat' are different components (3) . Adipose tissue is the tissuesystem level component, and includes components such as adipocytes at the cellular level and lipids at the molecular level (4) . Adipose tissue contains 80 % fat. The remaining 20 % is water, protein and minerals (5) . The distinction between fat and adipose tissue in common usage is usually irrelevant, and the terms are almost always used interchangeably (2) . VAT is known to exhibit morphological and functional differences in comparison with SAT. Research conducted among adults has mainly shown that it is strongly linked to insulin resistance, type 2 diabetes, hypertension and dyslipidaemia, leading to increased risk of CVD or the metabolic syndrome (1,6 -8) . However, little is known about the aetiology, determinants and consequences of VAT in children. The present article reviews the current literature relating to the factors influencing visceral fat accumulation in children and adolescents.
Literature used in the present study was collected by searching a PubMed database up to 2008 using the following keywords: 'abdominal', 'intraabdominal', or 'visceral' and 'fat' or 'adipose tissue'; 'fatness distribution'; 'determinants of abdominal obesity'; 'children' or 'adolescents'. At the initial phase, there were selected mainly the studies in which direct measurement methods of VAT were applied. Several studies were selected from reference lists cited in the selected studies. As the influence of many factors determining the amount of VAT depot among children and youth was not widely analysed in the studies using direct methods of VAT measurement, the literature has been supplemented with some studies using indirect measurements as well as results of some studies carried out among adults.
The measuring of visceral adipose tissue quantity Computed tomography (CT) and MRI provide the most precise estimates of internal adipose tissue deposition in children (9) . VAT is usually characterised by measuring the VAT area at the L 4 -L 5 vertebral interspace (10) . Siegel et al. (11) described recently a quick and reproducible singlesection magnetic resonance method for quantifying subcutaneous and visceral abdominal fat and its distribution in preadolescents and adolescents. MRI does not require exposure to ionising radiation, making it advantageous over CT, particularly for multiple measurements. However, MRI is also expensive and not widely available for research. An alternative method of assessing visceral adiposity may be ultrasonography (12, 13) .
Indirect measurements of visceral fat include dual-energy X-ray absorptiometry (DXA) to measure fat mass in the trunk region and anthropometry. The main limitation of DXA assessment of body composition is the inability to distinguish subcutaneous from intra-abdominal fat mass (14) . Bouchard (15) , analysing the results from the HEalth, RIsk factors, exercise Training And GEnetics (HERITAGE) Family Study and the Quebec Family Study, stated that BMI (r 0·72), fat mass (r 0·73) and waist circumference (r 0·77) are equally well correlated with CT-assessed abdominal visceral fat. Moreover, waist circumference is very strongly correlated with BMI (r 0·93) and fat mass (r 0·92). These results show that each of these indicators can be useful as an indirect measure of VAT.
Goran et al. (16) , investigating the relationship of IAAT and SAT with body composition and anthropometry in prepubertal children, showed that intra-abdominal fat was most strongly correlated with abdominal skinfold (r 0·88) and trunk fat measured by DXA (r 0·87). In stepwise regression intra-abdominal fat was best predicted by trunk fat from DXA, total fat from DXA and abdominal skinfold (R 2 0·85). Benfield et al. (17) , analysing validity of DXA for the estimation of MRI-assessed abdominal adiposity in 13-year-old children, found that DXA-derived trunk fat explained 78·1 and 67·3 % of the variance of IAAT in boys and girls, respectively. However, DXA total body fat predicted SAT to a slightly higher degree than VAT (92·2 % of SAT variance in boys and 79·9 % in girls). The authors concluded that DXA regional trunk fat mass is a relatively good proxy measure of IAAT at the group level but not at the individual level. In the absence of DXA data, intra-abdominal fat was best predicted by abdominal skinfold, ethnicity and subscapular skinfold (R 2 0·82) (16) . Fox et al. (18) , in long-term examination of children aged 11 -13 years, stated that acceptable indicators of IAAT deposition were truncal skinfolds (r 0·54-0·70). Ball et al. (19) , investigating overweight 8-to 13-year-old Latino children, found that the strongest univariate correlate for VAT was waist circumference (r 0·65). Regression analyses showed that approximately 50 % of the variance in VAT was explained by waist circumference (43·8 %), Tanner stage (4·2 %) and calf skinfold (1·7 %). The correlation between body fat percentage and visceral fat among healthy teenagers aged 14 -18 years was exactly the same as Bouchard's (15) , which was r 0·73 (20) . Examination of Japanese obese boys showed that out of anthropological indices the sagittal diameter was the best surrogate of visceral fat measure, and a threshold value which helped to single out those with metabolism disorder was 19·2 cm (21) . Further studies carried out among obese girls and boys aged 6-15 years showed that waist circumference of 82 cm can be a proper diagnostic criterion (22) .
Owens et al. (23) , examining obese teenagers, created an equation helping value the quantity of visceral fat from simple anthropometric measurements. The stepwise multiple regression procedure yielded a final model that included two anthropometric variables (sagittal diameter and waist:hip ratio) and one demographic variable (ethnicity). The prediction equation was:
hip ratio). The model explained 63 % of the variance in VAT and was associated with a measurement error of 23·9 %. In the study of children and adolescents aged 7 -16 years, univariate regression analysis identified waist circumference as the best single predictor of VAT (64·8 % of variance) and BMI of SAT (88·9 % of variance) (24) . The authors created prediction equations for VAT (cm 2 ) ¼ 1·1 £ waist circumference (cm) 2 52·9. The cross-validation of the VAT algorithm was acceptable, but a root mean square error of 33 % for the estimate of VAT from waist circumference is relatively high both at the population and individual level. Benfield et al. (25) showed that waist circumference predicted 67·4 % of the variance in VAT. BMI as the best single predictor explained only 8·4 % of the variance in the VAT:SAT ratio.
Recent studies have shown that a specific marker for visceral fat accumulation in obese children can be plasma visfatin levels (26) .
To sum up, it has to be stated that out of indirect VAT predictors among children and youth the most useful ones seem to be: trunk fat measured by DXA, trunk skinfolds as well as waist circumference and sagittal diameter. However, their usefulness has to be confirmed in long-term studies, as their mutual relationships can change with age according to sex (24) .
Visceral fat and metabolic risk factors
One of the first studies of the relationship between abdominal visceral fat and metabolic risk factors in adolescents was carried out by Caprio et al. (27) . In obese adolescent girls a positive correlation was found between fasting TAG levels and visceral fat, whereas an inverse relationship was noted between HDL-cholesterol and visceral fat depots. A significant relationship was found between the amount of visceral fat and both insulin secretion and sensitivity (28) . Specifically, visceral fat correlated with basal (r 0·89) and stimulated insulin responses (r 0·61) and inversely correlated with the M/I index of insulin sensitivity (r 2 0·63) (the ratio between glucose infusion rate and plasma insulin levels during the hyperglycaemic clamp) and insulin-stimulated glucose metabolism measured during the euglycaemic clamp study (r 2 0·87). In contrast to the strong relationship between visceral fat mass and insulin secretion and sensitivity, no significant correlation was found in the obese group between subcutaneous fat, pelvic fat, and these metabolic measurements. Brambilla et al. (29) showed that in postpubertal children the relationship of IAAT to clinically significant risk factors resembles the pattern in obese adults.
Anthropometric measures of abdominal adiposity of children and adolescents also showed that similarly to adults, children's fatty acid composition of abdominal adipose tissue is less favourable than that of the buttock depots (30) . Abdominal depots had elevated proportions of SFA and reduced proportions of monounsaturated and polyunsaturated fat in comparison with buttock depots. Moreover, children's abdominal depots appear to have higher trans-fatty acid contents than buttock depots. Children's adipose polyunsaturated fat, a biomarker of long-term PUFA intake, was inversely related to serum total cholesterol and LDL-cholesterol. The results of investigations by Daniels et al. (31) also showed that fat distribution is a more important independent correlate of cardiovascular risk factors than body fat percentage in children and adolescents (aged 9 -17 years). Greater deposition of central fat (an android fat pattern) was associated with less favourable plasma lipid and lipoprotein concentrations, blood pressure and left ventricular mass. Significant positive relationships between systolic and diastolic blood pressure and trunk fat adjusted for total fat in boys was found by He et al. (32) .
Kortelainen & Särkioja (33) found that early macrophagerich coronary lesions were associated with increased amounts of visceral fat in adolescent male individuals.
Later investigations based on direct measures of VAT confirmed that increased total cholesterol (. 1700 mg/l) was associated with visceral fat, and also with a serum insulin . 17 mU/ml in those teenagers with Tanner I or II pubertal stages (34) . Among children being overweight or obese, VAT was significantly related to risk factors for the metabolic syndrome. However, such association was not observed in the case of SAT as well as total fat mass (35) . The metabolic syndrome was completely absent in adolescents with low VAT while it was present in 13·8 % of males and 8·3 % females with high VAT (36) .
VAT was independently correlated with blood pressure, TAG, HDL-cholesterol, fasting insulin and the homeostasis model assessment of insulin resistance (HOMA) score, while SAT was independently correlated with systolic blood pressure, fasting insulin and the HOMA score among obese Korean adolescents (37) . Leucocyte count (an inflammatory marker) was positively related to abdominal obesity in female obese adolescents, but the relationship was more distinguishable with subcutaneous than visceral adiposity (38) . The study of Polat et al. (13) suggests that abdominal adipose tissue accumulation was closely associated with cardiovascular risk factors in obese children, and among abdominal adipose tissue compartments, visceral fat thickness was strongly correlated with the elastic properties of the abdominal aorta.
Genetics of visceral fat levels
The studies of members of the Framingham Heart Study showed that heritability values for VAT was 36 % (7) . Twin analyses of BMI and waist circumference in a UK sample of 5092 twin pairs aged 8-11 years showed that 60 % of the heritability of waist circumference was common to BMI, but 40 % was due to different genetic factors (39) . The authors claimed that the aetiological significance of visceral fat stores, as compared with other fat stores, may therefore be related to different underlying genetic factors.
Evidence from the Quebec Family Study and the HERITAGE Family Study indicates that between 50 and 55 % of the variance in visceral fat levels, adjusted for total fatness, is attributable to genetic factors (40) . Additionally, a major gene hypothesis for visceral fat was supported in both the Quebec Family Study and HERITAGE Family Study. However, after adjustment for total fat mass, the support for a major gene was reduced, suggesting that a major gene which affects fat mass may also affect visceral fat either directly (pleiotropy) or indirectly.
From the Human Obesity Gene Map, introduced by Rankinen et al. (41) , it appears that phenotypes reflecting body fat distribution (abdominal visceral and subcutaneous fat, waist:hip ratio, waist circumference, sagittal diameter) were associated with: ACE, ADIPOQ, ADRB2, APOAQ, FABP2, LTA, MTTP, PLIN, PPARG and UCP1 (angiotensin-converting enzyme, adiponectin, b-2-adrenergic receptor, apoAQ, fatty acid-binding protein 2, lymphotoxin-a, microsomal TAG transfer protein, perilipin, PPAR-g and uncoupling protein 1 genes).
Results of the Quebec Family Study, in which both adults and children participated, showed that the Pro12Ala polymorphism in the gene encoding the transcription factor PPAR, alone or in interaction with dietary fat intake, was associated significantly with waist circumference. Waist circumference was also modulated by an interaction between the ghrelin (GHRL) Leu72Met polymorphism and dietary fat intake, by an interaction between the guanine nucleotide binding protein (G protein) b polypeptide 3 (GNB3) 825C-T and dietary fat intake, and was also positively associated with dietary fat intake in GNB3 825C/825C homozygotes and 825C/825T heterozygotes (42) .
Ethnicity
Studies among adults showed that white men had greater total VAT volume than African-American men, as well as greater L 4 -L 5 VAT area and maximum area, whereas African-American and white women did not differ in total VAT volume, L 4 -L 5 area, or maximum VAT area (6) . Compared with Europeans, the Chinese and South Asian participants had a relatively greater amount of abdominal adipose tissue, and this difference was more pronounced with VAT (43) .
In Caucasian and African-American obese and non-obese boys and girls, the regression slope between VAT and SAT was significantly lower in African-Americans compared with Caucasians (0·17 (SD 0·02) v. 0·23 (SD 0·02) of VAT per cm 2 of SAT) (44) . This finding suggests that the rate of accumulation of VAT relative to SAT is 26 % lower in African-American than in Caucasian children. Huang et al. (45) also stated that whites showed a higher visceral fat growth than did African-Americans. The difference was 1·9 (SE 0·8) cm 2 /year, but there was no ethnic difference for growth of subcutaneous abdominal fat or total body fat. Brambilla et al. (24) found that Hispanics showed significantly higher VAT values than Caucasians (44 (SD 22 ) v. 38 (SD 22) cm 2 ). However, VAT was similar in Caucasians and Hispanics after correction for SAT and for BMI.
He et al. (46) , based on two different measures of body fat distribution, DXA and skinfolds, demonstrated that among girls, Asians had lower gynoid fat than whites and African-Americans in all pubertal groups. Among boys, Asians had less gynoid fat measured by DXA in early puberty and late puberty.
Many studies show that Indians have more body fat at each BMI and higher levels of central obesity (measured as waist circumference, waist:hip ratio and visceral fat mass) compared with Caucasians and black Africans (47 -49) . This thin-fat phenotype is present at birth (50) . Indian babies are centrally adipose but thin in muscle and viscera (proteinrich tissues). Thus, it can be concluded from the studies presented that ethnic differences of adipose tissue among children and youth are significant and should be definitely considered in further analyses.
Sex differences
Adults males have greater amounts of VAT than females, even after taking differences in total body fat into account (8,51 -53) . No significant sex differences in IAAT area in prepubertal children were noted by Goran et al. (44) , Huang et al. (45) and Saelens et al. (54) , but some differences before the onset of puberty have been noted in other studies (46, 55, 56) .
Sex explained only 1·8 % of VAT variance among 7-to 16-year-old children and the VAT -SAT relationship did not differ between male and female subjects in both prepubertal and pubertal children (24) . In the study of Benfield et al. (25) , volumes of MRI-derived VAT were 117·2 (SD 114·1) cm 3 for boys and 154·2 (SD 111·7) cm 3 for girls, but boys had higher VAT:SAT ratios (0·13 (SD 0·06)) than girls (0·10 (SD 0·04)), indicating proportionately more adipose tissue deposited intra-abdominally.
Thus, the studies presented do not give explicit results concerning sex differences and their influence on VAT amount among children and youth both before puberty as well as at the stage of puberty.
Age and level of development
Goran et al. (44) found that the rate of change in IAAT in African-American prepubertal children (7·6 (SD 1·7) years of age at baseline) over 2 years was 4·3 (SD 7·3) cm 2 /year. Further investigations showed that the rate of change in VAT over a 3-to 5-year period in white and African-American children (8·1 (SE 1·6) years of age at baseline) was 5·2 (SE 2·2) cm 2 /year (45) . In 7-to 16-year-old subjects, age explained 7·3 % of VAT variance (24) . An investigation of changes in the amount of VAT carried out by Fox et al. (18) among the same children aged 11 and 13 years showed that for boys there was a mean percentage increase in waist scan area of 8 %. This was accompanied by an increase of 69 % in intra-abdominal fat area but only 19 % increase in subcutaneous fat area. There was no mean increase in non-adipose tissue area so that the 8 % increase in cross-sectional area and 10 % increase in waist circumference were due to additional intra-abdominal fat deposition (12·3 cm 2 ) and subcutaneous fat deposition (14·9 cm 2 ). This was accompanied by a significant increase in the IAAT:SAT ratio from 0·31 to 0·39 and an increase in the percentage of total fat that was deposited as visceral fat. For females there was an increase of 17 % in waist crosssectional area. Intra-abdominal fat area increased significantly by 48 %. However, there was a 78 % increase in subcutaneous adiposity, with the result that the IAAT:SAT ratio significantly reduced by 10 % from 0·39 to 0·35.
Interesting results concerning VAT development were also brought to light by investigations of children with low birth weight. Children born small for gestational age tend to develop catch-up growth in infancy and to become overweight. They have higher fasting insulin and insulinlike growth factor-1 levels, and a marked shift from abdominally subcutaneous to visceral fat, and they tend to be viscerally adipose and hypo-adiponectinaemic, even when they are not overweight (57) . At the age of 6 years the average amount of VAT was in small-for-gestational-age children more than 50 % higher than in children born appropriate to gestational period (58) . The 0-to 2-year-olds' increment in weight z-score together with the 2-to 6-yearolds' increment in fasting insulin accounted for 62 % of VAT variability in 6-year-olds.
Birth weight significantly predicted BMI and total fat mass, but not visceral or subcutaneous fat at age 11 years in overweight Latino adolescents (59) . Longitudinally, as participants transitioned into puberty, birth weight did not predict any of the body composition or fat distribution measures.
Puberty status
Sex differences in body fat distribution exist before the onset of puberty (46, 55, 56) . The results of many investigations suggest that body-composition differences could be mediated by non-hormonal sex-specific factors rather than by sex steroids (46, 56, 60) . Goran et al. (44) showed that the rate of change in IAAT was similar among those children remaining prepubertal (4·6 (SD 2·1) cm 2 /year) compared with those children who entered puberty (5·6 (SD 2·1) cm 2 /year). Fat distribution of late pubertal boys was more 'android' than prepubertal boys, but late pubertal girls did not differ consistently from prepubertal girls (46) . These findings suggested that the greater sexual dimorphism of fat distribution in late puberty compared with prepuberty may be attributable to larger changes in boys, with smaller changes in girls. Studies of children and adolescents aged 7-16 years have shown that pubertal status explained 12·4 % of VAT variance (24) .
Further studies need to ascertain the specific contribution of biological maturation to fat distribution. Literature dealing with abdominal SAT and VAT in children commonly uses stage of pubertal maturation as a maturity indicator (18, 36, 55) . Grouping subjects by stage of pubertal maturation may overlook variation in SAT and VAT associated with chronological age per se, independent of stage of sexual maturation. Further, individuals within specific stages of sexual maturation may be in different phases of the adolescent growth spurt (61) . At younger ages, subjects are generally described as prepubertal; however, there are often maturity differences among prepubertal children, and the only indicator of maturation available before the overt manifestation of secondary sex characteristics is skeletal age. It is necessary to explain how much of the variation in fatness and the distribution of abdominal SAT and VAT can be attributed to biological maturation independent of chronological age and body size.
Influence of body fat on visceral adipose tissue
It is clear that a proportion of the variance in VAT is explained by total fat mass, although interpretation of findings is complicated by strong multicollinearity among VAT, SAT and total body fat (44) . Fox et al. (7) showed that in obese v. control adolescents the majority of excess abdominal adipose tissue was found subcutaneously (353 (SD 94) v. 79 (SD 61) cm 2 ), although there was still greater VAT in the obese children (49 (SD 21) v. 22 (SD 11) cm 2 ). The correlation between VAT and total body fat in prepubertal children was 0·81 (44) . However, the relationship between VAT and total body fat was not significant after adjusting for SAT. The correlation between whole-body fat and SAT was higher (r 0·96) than between whole-body fat and VAT (r 0·66) in 8-year-old children at risk of obesity (54) . Huang et al. (45) found that growth of visceral fat remained significant after adjusting for growth of subcutaneous abdominal fat, implying that the acquisition of the two abdominal fat compartments may involve different physiological mechanisms.
In children and adolescents, in whom total adiposity is changing rapidly partly due to increases in body size, it is important to adjust VAT (or SAT) for height.
Hormones and their relationship to fat distribution
Hormones influencing body fat distribution include growth hormone (GH), sex steroids, cortisol and insulin (62) . Sex steroids and GH stimulate lipolysis while cortisol and insulin promote fat deposition. An overly sensitive hypothalamic -pituitary-adrenal (HPA) axis may exist in obesity and disrupt the balance between the lipogenic effect of cortisol and insulin and the lipolytic effect of sex steroids and GH (63) . GH treatment selectively reduces the abdominal visceral fat of children with GH deficiency (62, 63) . Misra et al. (64) found that lower peak GH on the GH-releasing hormone -arginine stimulation test in overweight girls was associated with visceral obesity. Studies of Roemmich et al. (65) on the relationship between endogenous GH release and adiposity showed no significant relationship between VAT area and GH secretory characteristics. Further studies also showed that among teenagers total body fat, but not VAT, was related to alterations in GH neuroregulation (66) . During adulthood there is an inevitable decrease in sex steroid secretion and increase in VAT resulting in reduced GH secretion, which may initiate a vicious cycle of further gains in VAT and reductions in GH secretion.
In contrast, pubertal increases in sex steroid secretion are a robust stimulus for GH secretion and are protective against gains in VAT, which may account for the weak relationship in adolescents, but not in the prepubertal youth who have yet to experience a reawakening of the hypothalamicpituitary axis. Although sex steroid concentrations may explain some of the differences between the role of VAT in modulating GH secretion in youths and adults, the similar relationship among VAT and GH secretion in both prepubertal and pubertal children suggests additional age-related differences.
The relationship between changes in serum sex steroid concentrations and alterations in body fat distribution in children and youth has not been widely studied. Studies among adult males have shown that serum testosterone concentrations are inversely correlated with VAT (63, 67, 68) . Testosterone may limit abdominal visceral fat accrual by reducing abdominal adipose tissue lipoprotein lipase activity and TAG uptake, while increasing the rate of TAG release from abdominal fat (69) . Serum androgen concentrations are directly related to the amount of TAG in VAT in women. However, the amount of visceral fat is thought to be a function of the oestrogen -androgen balance than androgens per se (63) . Oestrogens tend to decrease visceral fat accumulation by down-regulating the androgen receptor. Another mechanism for the effects of oestrogens on the determination of body fat distribution is an indirect one, i.e. on the hypothalamus and increasing GH secretion (14) . Cross-sectional data of early pubertal girls show that higher oestrogen concentrations are associated with a gynoid distribution of body fat (70) , while long-term studies showed that body fat distribution, rather than body fat mass was related to the total and the non-sex-hormone-binding globulin-bound plasma levels of oestradiol and testosterone at the onset of puberty (71) .
Garnett et al. (56) , investigating relationships between hormones and body composition in prepubertal children, claimed that abdominal fat percentage was correlated with insulin-like growth factor-1, oestradiol and testosterone concentrations. When the sexes were examined separately, the correlation between abdominal fat percentage and oestradiol concentrations was significant only in the boys (r 0·33), and the correlations between abdominal fat percentage and insulin-like growth factor-1 and testosterone concentrations were not significant in either girls or boys. The only significant predictor of abdominal fat percentage was testosterone, which again explained 4 % of the variation.
Björntorp (63) has suggested that in adults an oversensitive HPA axis may be the primary hormonal attribute leading to an abdominal distribution of fat. Thus the increase in cortisol levels during puberty (72) or an oversensitive HPA axis in an adolescent may influence body fat distribution. Weigensberg et al. (73) confirmed in Latino youth with the metabolic syndrome that morning serum cortisol level was significantly related to directly measured IAAT. Adipose tissue-specific regulation of glucocorticoid metabolism is primarily determined by the enzyme 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1), which catalyses the conversion of cortisone to hormonally active cortisol (74, 75) . 11b-HSD1 is highly expressed in VAT. Andrew et al. (76) demonstrated that VAT contributes substantially to the splanchnic regeneration of cortisol and it is possible that increased 11b-HSD1 activity in visceral adipose results in increased cortisol delivery to the liver and that change in adipose tissue metabolism of cortisol reaches far beyond adipose tissue itself.
The results of 3 years of observing 8-year-olds showed that an annual increase of approximately 5 % in fasting insulin was associated with 1 cm 2 visceral fat gain per year, independent of subcutaneous abdominal fat (77) , but the rate of change in visceral fat has no effect on insulin sensitivity. According to Travers et al. (78) , puberty is associated with a transient increase in serum insulin concentrations and reduced insulin sensitivity that is related to increased adiposity. Insulin has a potent effect on the increase of lipogenesis, and serum insulin concentrations are directly related to the amount of visceral fat (27) . Pubertal girls have a lower insulin sensitivity than pubertal boys (78) . These data suggest that the greater insulin sensitivity of boys may cause relatively more fat to be deposited in their visceral depots. Roemmich et al. (79) found that abdominal visceral fat may increase insulin resistance at puberty beyond the resistance due to total body fat. The intra-abdominal fat area in massively obese adolescent girls was associated with increased insulin levels, but there was a strong negative correlation between serum sex hormone-binding globulin level and the area of VAT (80) .
The pubertal changes in serum hormone concentrations are related to the coincident changes in body fat distribution. However, the interactions of the hormonal axes with one another and with the specific fat depots, and changes in these interactions during the transition to puberty, are not yet fully understood. Detailed investigations should be carried out to check the influence of changes in sex hormone levels during the adolescent period on the amount of visceral fat depots. Data from adults may not be directly applicable to youth.
Stress
Some studies suggest that visceral adiposity could represent a non-optimal physiological adaptation to stress (81, 82) . The relationship between stress reactivity and central adiposity in children has not been widely studied. Studies of adolescents have shown that blood pressure reactivity to laboratory stress tasks is associated with a greater abdominal girth (83) and waist:hip ratio (84) . Stress-induced activation of the HPA axis may contribute to the antecedents of the metabolic syndrome by promoting central adiposity (85 -88) and inducing an inflammatory response and insulin resistance (89, 90) . The associations between central adiposity and metabolic dysregulation occur developmentally earlier than adolescence (85 -87) , so it is likely that the association between psychological stress reactivity and central adiposity also occurs before adolescence.
Studies of youth that used blood pressure reactivity as a measure of the cardiovascular response to psychological stress found an inverse (91) or no relationship (92 -94) between blood pressure reactivity and total adiposity. Roemmich et al. (95) , based on heart rate activity, showed that reactivity to psychological stress may initiate the antecedents of CVD before adolescence by increasing total and central adiposity. Future studies should determine whether stress reactivity increases the adiposity of youth by increasing their consumption of energy-dense snack foods and decreasing their willingness to be physically active.
Physical activity and cardiorespiratory fitness
Physical activity is a critical determinant of adults' visceral fat, even independently of relationships between physical activity and whole-body fat and between whole-body fat and visceral adiposity (96 -98) . Ohkawara et al. (99) analysed a dose -response relationship between aerobic exercise and visceral fat among adults based on literature published between 1966 and 2006. They stated that at least 10 MET/h per week (metabolic equivalents/h per week) in aerobic exercise such as walking, light jogging or stationary ergometer usage, is required for visceral fat reduction, and that there is a dose -response relationship between aerobic exercise and visceral fat reduction in obese subjects without metabolic-related disorders.
Studies of the influence of physical exercise on the size of visceral fat tissue among children and teenagers has been conducted more seldom than among adults. Positive effects of strength training on VAT in obese prepubertal girls were claimed by Treuth et al. (100) . Gutin & Owens (101) examining obese children aged 7 -11 years showed that 4 months of controlled physical training, without dietary intervention, had a favourable influence on VAT. The shared variance between changes in total body fat mass and VAT were relatively low (r 2 0·13) compared with the shared variance between changes in total body fat mass and SAT (r 2 0·42), suggesting that to a large extent the VAT changes were independent of the total body changes.
Obese adolescents aged 13-16 years who participated in 2 d of after-school exercise per week plus a lifestyle education programme over an 8-month period showed more favourable changes in visceral fat than did youths who participated in the lifestyle education programme alone. The favourable effect on visceral adiposity is noteworthy because this fat depot was found to be the most powerful of the adiposity measures for explaining variance in lipidlipoprotein measures in these subjects at baseline (102) . They found no evidence that moderate-and high-intensity physical training differed in their effects on body composition.
In a study by Saelens et al. (54) , physical activity was an independent correlate of children's visceral fat, with greater physical activity associated with lower fat accumulation in this depot. After controlling for whole-body fat, greater physical activity was only associated with lower VAT, not SAT. Relationships between children's physical activity and both whole-body fat and visceral fat were only evident with the use of a more objective measure of activity than with a self-report measure.
The studies of Barbeau et al. (103) showed that a 10-month after-school physical activity programme among girls aged 8-12 years with correct body mass can lead to beneficial changes in body composition. Compared with the control group, the intervention group had a relative decrease in VAT and the improvements in visceral tissue were larger than those in SAT. It was noteworthy that the control and intervention groups differed in changes in VAT, but not waist circumference.
In Irish boys waist circumference was inversely related to fitness (r 2 0·503) and to vigorous activity (r 2 0·31), and was positively related to inactivity (r 0·33) (104) . In Irish girls waist circumference was related to fitness (r 2 0·286) but not to specific components of physical activity. Similar associations have also been reported when physical fitness was measured as lower limb explosive strength, abdominal endurance strength, or speed/agility instead of cardiorespiratory fitness (105) . Data from the AVENA (Alimentación y Valoración del Estado Nutricional en Adolescentes (Food and Assessment of the Nutritional Status of Spanish Adolescents)) study show that both moderate to high levels of cardiorespiratory fitness are associated with lower abdominal adiposity (106) . The same inverse association with cardiorespiratory fitness was observed when VAT was measured using CT (107) or MRI (108) .
Thus, most of the studies carried out confirm a positive influence of physical activity on the amount of VAT. However, the presented results should be approached cautiously. The meta-analysis of Rowlands et al. (109) suggests that there is a small to moderate relationship between body fat and activity in children and the size of the relationship depends on the activity measure used. The results of this meta-analysis would suggest that direct measures of movement, such as observation or motion counter methods, are the best methods for the assessment of the relationship of activity levels with health.
Nutrition
According to Bouchard et al. (110) , positive energy balance does not appear to be a strong determinant of abdominal visceral fat, as is the case with other body fat phenotypes. Ku et al. (111) also showed that among children aged 4 -10 years there were no significant correlations between dietary fat and body fat or fat distribution indices after adjusting for non-fat energy intake and total lean tissue mass. There was some suggestion in the study of Saelens et al. (54) that dietary factors were related to the girls' visceral fat accumulation, although not in the regression model that accounted for whole-body fat. Stallmann-Jorgensen et al. (20) , examining teenagers aged 14-18 years, claimed that among many analysed feeding variables energy intake was the sole and the negative predictor of VAT. This dependence suggested that a positive energy balance is mainly the result of a low energy expenditure. Possible, also, is the under-reporting of energy intake by adolescents with greater adiposity. Syme et al. (36) showed that subjects with high and low VAT did not differ in food intake (or physical activity). The authors speculate they may vary in metabolic rate and/or genetic predisposition for body fat distribution. It was also possible that subjects with higher VAT were less active and/or had higher energy intake in the past. Gutin et al. (102) , examining obese adolescents, stated that baseline VAT was higher in the youths with a relatively small carbohydrate intake (implying a larger proportion of protein and fat). The above-cited results of the Quebec Family Study showed that each 10 g increment in fat intake was associated with an increase of 1·2 cm in waist circumference among Pro12/Pro12 homozygotes (42) .
Studies among adults showed that acute energy restriction, using very-low-energy diets, produces early preferential loss of VAT (112) . Results of some studies suggest that in reducing deposits of visceral tissue, the glycaemic index and glycaemic load of consumed products may be very important. VAT cells have a two-fold higher glucose uptake rate compared with SAT cells (113) . Glucose raises insulin concentration, which can stimulate 11b-HSD1, increase active cortisol in visceral fat, and enhance visceral fat accumulation (114) . Feeding rats a high-glycaemic index starch diet resulted in higher visceral fat and larger adipocyte volume than did feeding lowglycaemic index starch ad libitum (115 -117) .
To sum up, it has to be stated that the issue of influence of eating habits on the amount of VAT among children and youth is a very poorly examined one. Studies initiated by Benfield et al. (118) can provide some interesting results.
Smoking and drinking
Studies of abdominal obesity indicated by anthropometric methods among adults confirm that alcohol consumption (119, 120) and smoking (121) are positively associated with central obesity. The influence of behavioural risk factors on VAT deposition in children and adolescents has not been widely studied. In adolescent females smoking and drinking, even at low levels, appear to be associated with increased VAT deposition. Smoking and alcohol use at 4 years after menarche was associated with the change in VAT over the 4-year period before, and after adjustment for total body fat (122) .
Conclusions
VAT quantities, to some extent, seem to be independent of general fatness as far as children and adolescents are concerned. The results of the analysis confirm Goran's (123) observations which suggest that accumulation of VAT in children is influenced by genetic factors, ethnicity, growth and maturation, as well as 'modifiable' factors, such as those associated with lifestyle. The effects of puberty are probably related to influences such as different levels of sex hormones between the sexes.
Similarly to adults, visceral fat deposition in children appears more strongly related to various cardiovascular and diabetes risk factors than does whole-body fat. However, Benfield et al. (25) stated that among children the IAAT represented less than 10 % of total abdominal fat, so that almost 90 % of adiposity is subcutaneous storage. This would suggest that, at this age, the impact of visceral fat deposition on metabolic parameters is likely to be small, but similarly to adults the deposition of VAT is known to increase with age. Early intervention would prevent adults from excessive development of abdominal obesity and its metabolic consequences.
Research carried out so far on factors responsible for deposition of VAT among children and adults was usually conducted in small groups in terms of their size. As a result, many times individuals of a different age, body size, maturity status, general fatness, and sometimes even of a different ethnic origin, were compared. Thus, results achieved by particular authors were often inexplicit and difficult to interpret.
An essential research problem is the fact that direct measurements of VAT amount by means of such methods as CT or MRI are expensive and hardly available in the case of epidemiological studies and, what is more, CT is not advisable in the case of repeated measurements among children and youth due to exposure to ionising radiation. Thus, in epidemiological studies, and particularly long-term studies, it is essential to use indirect methods, that is, mainly anthropometric measurements. The strongest relationships with the amount of VAT were noted with reference to waist circumference, sagittal diameter and trunk skinfolds. However, it has to remembered that while using them, we are not able to determine VAT without SAT. Thus, it will be particularly useful to identify the indicator which will help better than others to determine the VAT:SAT ratio. Studies conducted so far have given inexplicit results. In one case it has been found out that sagittal diameter can be this indicator (21) , while in others, BMI (25) .
To sum up, it has to be stated that studies carried out in the future concerning different factors influencing deposition of VAT among children and youth should first of all concentrate on:
(1) carrying out long-term analyses among children of different ethnic groups, which should begin in the period of prepuberty and which should cover the whole period of puberty till adulthood. They would let us identify the age at which individual types of adipose tissue could be recognised; (2) carrying out long-term studies considering physiological changes of hormone metabolism during puberty which would let us determine more precisely the influence of sex hormones on deposition of adipose tissue at this period; (3) drawing up norms specifying the amount of VAT among healthy children. Especially useful would be the norms covering the measurement of VAT amount carried out among the same children both by means of a direct method as well as indirect ones; (4) identification of an anthropometric indicator that will help us to determine the VAT:SAT ratio in the most precise way; (5) broader studies of the influence of eating habits on developing VAT deposit among children and youth. From the review of the literature it turns out that it is an issue which has been analysed very rarely both among adults, as well as children and youth; (6) determining what intensity and what kind of physical activity will be the most efficient in reduction of VAT, by means of direct measures of activity; (7) broader examination of the influence of drinking alcohol and smoking cigarettes on distribution of adipose tissue, as most of the data concerning this problem were collected while examining only adults.
